
Acce le ra to r  Department 
BROOKHAVEN NATIONAL LABORATORY 
Assoc ia ted  U n i v e r s i t i e s ,  Inc .  

Upton, New York 

AGS DIVISION TECHNICAL NOTE 

No. 75 I 

J.J. G r i s o l i  and H.C.H. Hsieh 
March 12, 1970 

A SPLITTER SYSTEM FOR THE SLOW EXTRACTED BEAM 

I. I n t r o d u c t i o n  

A beam of  l O I 3  p ro tons  pe r  p u l s e  w i l l  be  a v a i l a b l e  a f t e r  t h e  AGS 

Conversion p r o j e c t  i s  completed. 

h igh  i n t e n s i t y  beam w i l l  b e  by sha r ing  on m u l t i p l e  t a r g e t  s t a t i o n s  du r ing  

t h e  s a m e  AGS pu l se .  I n  t h e  slow e x t e r n a l  beam, two t a r g e t  s t a t i o n s  are  

being proposed. The beam w i l l  be  s p l i t  so t h a t  p ro tons  i n  t h e  SEB w i l l  

impinge on t h e  two t a r g e t s  s imultaneously.  

b e  a l t e r e d  t o  any d e s i r e d  e x t e n t ,  i nc lud ing  being a b l e  t o  send a l l  t h e  beam 

t o  one t a r g e t .  

A s p l i t t e r  u n i t  i s  formed wi th  two "C" t ype  septum u n i t s  f a c i n g  each o t h e r .  

The c e n t e r  septum may o r  may not  f u s e  i n t o  one. The f i e l d s  i n s i d e  o f  t h e s e  

s ide-by-side u n i t s  a re  oppos i t e  t o  each o t h e r  and t h i s  a l lows  p a r t  o f  t h e  

beam t o  be  bent  i n  one d i r e c t i o n  and t h e  o t h e r  p a r t  i n  t h e  oppos i t e  d i r e c t i o n .  

The most e f f i c i e n t  way of u t i l i z i n g  t h i s  

The percentage  of  sha r ing  can 

The dev ice  used t o  ach ieve  t h i s  g o a l  i s  a s p l i t t e r  system. 

The goa l  se t  f o r  t h e  des ign  of  t h i s  system w a s  t o  keep t h e  t r ansmiss ion  

e f f i c i e n c y  as h igh  as  p o s s i b l e ,  t o  o b t a i n  t h e  d e s i r e d  s e p a r a t i o n  a t  t h e  

lowest c o s t  and t o  accomplish t h i s  i n  t h e  amount o f  f l o o r  space  i n  t h e  beam 

d i r e c t i o n  a v a i l a b l e  f o r  t h i s  purpose.  

magnet w i th  an  extremely t h i n  septum. 

cons idered  t o  produce a t o t a l  bend o f f  19.5 mrad. 

Th i s  g o a l  c a l l s  f o r  a very s t r o n g  

Combinations of  s p l i t t i n g  u n i t s  were 

This  no te  p r e s e n t s  t h e  
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b a s i c  des ign  and parameters  o f  t h e  f i n a l  s p l i t t e r  system. 

A c o s t  comparison w a s  made between a superconduct ing and a co ld  pure  

aluminum s p l i t t e r  u n i t .  

of t h e  o v e r a l l  s p l i t t e r  system and i s  inc luded  a t  t h e  end of t h i s  r e p o r t .  

Th i s  comparison was used t o  guide  t h e  f i n a l  des ign  
* 

IT.. Desc r ip t ion  of t h e  Beam S p l i t t e r  System 

The beam s p l i t t e r  system c o n s i s t s  of  s e v e r a l  u n i t s  s epa ra t ed  by beam 

d r i f t  space.  Beam l o s s e s  a re  kept  low by us ing  as  t h e  f i r s t  u n i t  a t h i n  

septum e l e c t r o s t a t i c  beam d e f l e c t i o n  device  which produces s m a l l  bend ang le s .  

The iast  u n i t  i s  a c ryogen ica l ly  cooled beam s p l i t t e r  magnet w i t h  a r e l a t i v e l y  

t h i c k  septum capable  o f  l a r g e  bending ang le s .  A series of  s t u d i e s  on d i f -  

f e r e n t  combinations of components of  a s p l i t t e r  system were conducted and t h e  

f i n a l  system i s  shown i n  F ig .  1. It c o n s i s t s  of a hyper t h i n  septum, e l e c t r o -  

s t a t i c  u n i t  f o r  t h e  f i r s t  element,  followed by a t h i n  edge cooled copper I 

septum u n i t ,  a s t ee l  s h i e l d ,  and as t h e  las t  element,  a superconduct ing 

s p l i t t e r  magnet. The s t ee l  s h i e l d  i s  i n s t a l l e d  a t  t h e  upstream end of  t h e  

co ld  magnet assembly and shadows t h e  t h i c k  superconduct ing septum i n  o rde r  

t o  prevent  h e a t i n g  of  t h e  septum as  a r e s u l t  of  beam i n t e r c e p t i o n  i n  c a s e  

of  f a i l u r e  of  e i t h e r  one o r  both of  t h e  upstream u n i t s .  

h e a t i n g  e f f e c t  has  been made by L. Blumberg. The remainder of  t h i s  r e p o r t  I 

d e s c r i b e s  t h e  u n i t s  of  t h e  beam s p l i t t e r  system and some of  t h e  reasons  f o r  I 

I 

I 

A s tudy  of t h i s  beam 

1 

I 

I 

t h e  s p e c i f i c  parameter s e l e c t i o n .  ! 

Element No. 1 - E l e c t r o s t a t i c  S p l i t t e r  

An e l e c t r o s t a t i c  d e f l e c t o r  w a s  s e l e c t e d  f o r  t h e  f i r s t  element because 

t h e  e f f e c t i v e  th i ckness  of  t h e  septum of t h i s  t y p e  o f  u n i t  can be  made 

extremely t h i n ,  a l lowing  a h igh  t r ansmiss ion  e f f i c i e n c y .  The minimal beam 

l o s s  w i l l  r e s u l t  i n  low r a d i o a c t i v i t y  i n  t h i s  area. The u n i t  i s  a h igh  

v o l t a g e  device  wi th  a series of .002 i n .  diameter  t ungs t en  wires spaced 2 mm 

apart a s  i t s  septum (see Fig .  2 ) .  S ince  t h e  beam width a t  t h i s  l o c a t i o n  w i l l  



a t.. 

-3- 

b e  of t h e  order  of 1-1/2 i n .  (3.81 cm) t h e  a p e r t u r e  width was s e l e c t e d  a t  

5 c m  per  gap. 

A l ength  of 100 i n .  w a s  considered a p r a c t i c a l  l i m i t .  The minimum 

space r equ i r ed  between t h i s  u n i t  and t h e  .020 i n .  t h i c k  copper septum magnet 

w a s  s e l e c t e d  a t  50 i n .  The reasons  f o r  t h e  s e l e c t i o n  of .020 i n .  t h i ckness  

f o r  t h e  second u n i t  w i l l  be d iscussed  under element #2. 

Given t h e  length  of 100 i n .  f o r  t h e  d e f l e c t o r ,  50 i n .  between elements,  

a .020 i n .  t h i c k  septum f o r  t h e  second element and in t roducing  one a d d i t i o n a l  

requirement t h a t  t h e  beam clear t h e  second element by .010 i n . ,  w e  can so lve  

f o r  t h e  r equ i r ed  m i l l i r a d i a n s  of bend and t h e  v o l t a g e  a c r o s s  t h e  gap. 

The t o t a l  bend r equ i r ed  of t h e  d e f l e c t o r  w i l l  be:  

*040 - ooo2 
2 x 100 = f .00019 w f  0.2 m a d .  q j=f  

The a n g l e  of bend per  u n i t  l ength  of a n  e l e c t r o s t a t i c  d e f l e c t o r  i s  

9 - - 
L Y 

*'07' mrad/meter 

where c = kV/cm and y = 1 f t h e  r a t 2 0  of t o t a l  p ro ton  energy t o - i t s  rest . 

energy. For t h e  maximum pro ton  k i n e t i c  energy of 30 GeV, under cons ide ra t ion ,  

y = 33. 

The e lec t r ic  f i e l d  va lue  i s  t h e r e f o r e  

33 x 0.2 J@-= 
.1074L .lo74 x 100 x .0254 E =  

= 24.2 kV/cm.  

With a 10% s a f e t y  margin 

e '  = 24.2 x 1.1 = 26.6 kV/cm. 

This  i s  a r a t h e r  low and accep tab le  f i e l d  va lue .  

e l e c t r o s t a t i c  s p l i t t e r  i s  kep t ,  however, a t  100 i n . ,  s i n c e  t h e  a p e r t u r e  width 

The t o t a l  l ength  o f  t h e  
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i s  equal  t o  5 cm, and t h e r e f o r e ,  t h e  t o t a l  vo l t age  a c r o s s  t h e  gap would be  

0 V = 26.6 x 5 = 133 kV. 

Rather t han  inc reas ing  t h e  a b s o l u t e  peak vo l t age  a c r o s s  t h e  gap which involves  

bulky high v o l t a g e  "feed throughs", it w a s  thought more d e s i r a b l e  t o  keep t h e  

a b s o l u t e  vo l t age  low. The e l e c t r o d e  of t h e  d e f l e c t o r  w i l l  be  designed so  t h a t  

t h e  cons tan t  f i e l d  reg ion  of t h i s  u n i t  w i l l  be  1 /2  i n .  high.  

Element No. 2 - Water Cooled Magnetic S p l i t t e r  

There a re  two reasons  t o  in t roduce  a t h i n  edge cooled septum between t h e  

e l e c t r o s t a t i c  d e f l e c t o r  and t h e  superconducting magnet. The f i r s t  one i s  t o  ' 

provide  a l a r g e r  s e p a r a t i o n  of t h e  beam than  can be  obta ined  wi th  a n  e l e c t r o -  j 

s ta t ic  device  only  i n  t h e  a v a i l a b l e  d r i f t  space.  The second one i s  t h a t  i n  

0 

t h e  case of f a i l u r e  of t h e  e l e c t r o s t a t i c  d e f l e c t o r ,  t h e  s p l i t t e r  system would 

s t i l l  be ope ra t iona l ,  a l though wi th  a lower t ransmiss ion  e f f i c i e n c y .  Without 

t h e  i n t r o d u c t i o n  of t h e  copper septum, t h e  beam h e a t i n g  due t o  t h e  f a i l u r e  

of t h e  e l e c t r o s t a t i c  d e f l e c t o r  would be  40 w a t t s '  on t h e  l a s t  element. This  

amount of h e a t  would cause t h e  superconductor t o  go normal and would r e q u i r e  

a s i g n i f i c a n t  amount of t i m e  be fo re  s teady  s ta te  (4.2 K) cond i t ions  would be 
0 

r e s t o r e d .  The c ross  s e c t i o n  of t h i s  magnet i s  shown i n  F ig . -3 .  

The th i ckness  of t h e  septum w a s  chosen t o  be .020 i n .  because t h i s  

r e p r e s e n t s  only 2% of t h e  t o t a l  beam width,and even though a somewhat t h i n n e r  

septum could be  chosen, t h e  dimensional s t a b i l i t y  of an  unevenly hea ted  s t r i p  

i s  r a t h e r  d i f f i c u l t  t o  maintain.  This  would r e s u l t  i n  a l a r g e r  e f f e c t i v e  

th i ckness  due t o  thermal  deformation and p o s s i b l e  u n r e l i a b l e  ope ra t ion .  

With a maximum c u r r e n t  d e n s i t y  of 15,000 amps/cm2 and a n  a p e r t u r e  he igh t  

of 5/8 in . ,  t h e  c u r r e n t  i n  t h e  septum w i l l  be  

L 2 cm 

maX i n  
= 15,000 amps/cm x .02 i n .  x .625 i n .  x 6.452 7 

IS 

= 1210 amps. 
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With a 15% s a f e t y  margin 

l2l0 1050 amps. - - - =  
Is 1.15 

The f i e l d  i s  

E = -  .4nNI 
& 

= 416 gauss/gap. - - 
.625 x 2.54 x 2 

The a n g l e  of  bend i n  r a d i a n s  f o r  T = 30 BeV and a chosen steel  length 

L = 48 i n .  i s  
EL 

4 
a =  - .  

4.06 x 10 

where E = t h e  magnetic f i e l d  i n  kGauss. Therefore ,  

.416 x 48.625 

4.06 x 10 4 a = f  

= f .0005 r a d i a n s  o r  f 
- 

, 5  m a d .  

A summary of  t h e  o t h e r  parameters  of  t h i s  magnet i s  as fol lows:  

-3 Room tempera ture  r e s i s t a n c e  a c r o s s  magnet = 3 x 10 

Res i s t ance  a t  ope ra t ing  tempera ture  = 3.7 x 10 R 

Duty c y c l e  E 5Pk 

DC h e a t  d i s s i p a t i o n  = 4.2 kW 

T o t a l  v o l t a g e  a c r o s s  magnet 

Maximum tempera ture  of  the  septum a t  50% duty  c y c l e  = 152 F 

Water coo l ing  r equ i r ed  = 2 gpm 

T o t a l  p r e s s u r e  drop a c r o s s  magnet - 150 p s i  

s2 

-3 

4 v o l t s  

0 

The maximum f i n a l  temperature  of t h e  septum would be  230°F i f  t h i s  

magnet were t o  run  i n  t h e  dc mode. 

o f  t h e  septum t o  t h e  c e n t e r  of  t h e  coo l ing  tubes ,  approximately 7/16 i n . ,  

would b e  119 F. 

The change i n  tempera ture  from t h e  c e n t e r  

0 This  tempera ture  g r a d i e n t  would cause  seve re  thermal  
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deformation of  t h e  copper septum. I n  a d d i t i o n ,  t h e  h i g h  g r a d i e n t  would cause 

a poor c u r r e n t  d e n s i t y  d i s t r i b u t i o n  a c r o s s  t h e  gap which would r e s u l t  i n  more 

of  a non-uniform f i e l d  c l o s e  t o  t h e  septum. Therefore ,  t h e  magnet has  been 

k a l c u l a t e d  as  a pulsed  dev ice  wi th  an  es t imated  r ise rate of  15 msec, a f l a t  

0 

t o p  of  1 second and a r e p e t i t i o n  rate of  two seconds.  

The f o r c e  due t o  t h e  magnetic f i e l d  on e i t h e r  s i d e  o f  t h e  septum w i l l  be  

t h e o r e t i c a l l y  equa l  and oppos i t e  i n  sense,  t h e r e f o r e ,  t h e  septum should not  be 

under any la te ra l  load.  

a l l  t h e  end connect ions of  t h i s  magnet w i l l  b e  c a r e f u l l y  designed t o  provide  

I 

I n  view of  t h e  seve re  temperature  r ise  o f - t h e  septum 
- 

' 

a s u f f i c i e n t  amount o f  f l e x i b i l i t y  so t h a t  t h e  f a t i g u e  problem w i l l  be  midmized .  

The p o s s i b i l i t y  of  us ing  a n  edge cooled co ld  aluminum magnet f o r  t h e  second 

element was cons idered .  The beam h e a t i n g  on t h i s  element i n  t h e  event  of  

e l e c t r o s t a t i c  d e f l e c t o r  f a i l u r e  would have b e e n =  400 watts. This  w a s  t o o  1 

0 
h igh  t o  b e  prac t ica l :  

- -  

Element No, 3 - Superconducting Magnet 

0 
A dc superconduct ing magnet assembly ope ra t ing  wi th  l i q u i d  hel ium a t  4.2 K 

I 

i s  proposed f o r  t h e  last element o f  t h e  s p l i t t e r  system. It i s  r equ i r ed  t o  
I 

produce a t o t a l  bend o f f  18.8 mR with  a gap he igh t  o f  1 i n .  

o f  t h i s  magnet i s  shown i n  F ig .  4.  The conductor w i l l  be  a niobium t i n  s o l i d  

r ibbon  wi th  copper as a s t a b i l i z e r  on both s i d e s .  The c u r r e n t  d e n s i t y  i n  t h e  

composite w i l l  b e  50,000 amps/cm (2) -Turn- to- turn  i n s u l a t i o n  w i l l  be provided 

by us ing  ,0003 i n .  s t a i n l e s s  s t ee l  t a p e  wh i l e  t h e  ground i n s u l a t i o n  w i l l  b e  

anodized aluminum s t r i p s .  

The c r o s s  s e c t i o n  

A l ength  of  48 i n .  was s e l e c t e d  f o r  t h i s  u n i t .  

For an  18.8 mrad bend a t  30 BeV t h e  f i e l d  r e q u i r e d  i n  t h e  magnet w i l l  b e  j 

4 4.06 x 10 x a/ 

L B =  

L = e f f e c t i v e  magnet length  

= a n g l e  of  bend i n  r ad ians .  
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0 

Therefore ,  4 4.06 x 10 x .0188 
49 

B =  

= 15.5 kG 

A .007 i n .  nominal t h i c k n e s s  superconduct ing r ibbon and a .0003 i n .  

nominal t h i c k n e s s  i n s u l a t i n g  t a p e  were s e l e c t e d  which would make t h e  per  

t u r n  th i ckness  of t h e  composite = ,0073 in . ,  ignor ing  packing f a c t o r .  I n  

t h e  1 i n .  he igh t  of  t h e  gap, t h i s  would a l low 137 t u r n s .  I f  w e  let  t h e  

packing f a c t o r  equa l  94%, t h e  number of  t u r n s  t h a t  could b e  f i t t e d  i n  t h i s  

space would b e  128. 

Then 

- 15,500 x 1 x 2.54 - 
.4n x 128 

= 242 amps. 

2 I f  w e  set t h e  c u r r e n t  d e n s i t y  = 50,000 amps/cm , t h e  r ibbon width 

w i l l  b e  
- 242 - 

.007 x 50,000 x 6.452 

= . lo7 i n .  

We shaAA select a r ibbon of  .007 i n .  t h i c k  x .l 8 i n .  wide due t o  L e  

a v a i l a b i l i t y  of  t h i s  commercial s t o c k  s i z e .  The c u r r e n t  d e n s i t y  w i l l  b e  

45,500 amp/cm . 2 

F igures  4 and 5 show views of t h e  superconduct ing s p l i t t e r  magnet wi th  

t h e  proposed vacuum chambers i n  p l ace .  

rounded by l i q u i d  helium. 

assembly below t h e  c r i t i c a l  temperature .  

by s l o t t i n g  t h e  aluminum i n s u l a t i o n  s t r i p s  and by l eav ing  space  between 

groups of  lamina t ions .  The assembly w i l l  b e  suspended a t  two p o i n t s  t o  

Th i s  magnet w i l l  be  e n t i r e l y  su r -  

Na tu ra l  convect ion w i l l  be  used t o  main ta in  t h e  

Helium passages w i l l  b e  provided 
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0 
reduce t h e  h e a t  i n f l u x  from t h e  300 K environment. It i s  proposed t h a t  t h i s  

magnet be energized by a f l u x  pump which w i l l  sha re  t h e  same dewar system. 

The i r o n  co re  w i l l  have a c r o s s  s e c t i o n  of  7 i n .  x 14 i n .  wi th  an  

opening of 1 i n .  x 6 i n .  The t o t a l  mass of t h i s  co re  assembly w i l l  be  

[(7 x 14) - (1 i n .  x 6 in . ) ]  x 48 x 1 /3  = l500l .  

Cool down entha lpy  from 300°K t o  77'K w i l l  be  

4 1500 x 33.4 = 5 x 10 Btu. 

Cool down enthalpy from 77'K t o  4.2'K w i l l  be  

1500 x 1.5 = 2250 Btu. 

0 I n  view of t h e  l a r g e  amount of en tha lpy  r equ i r ed  from 300 K t o  77'K, a n  inde- 

pendent cool ing  c i r c u i t  w i l l  be  provided f o r  t h e  i r o n  c o r e  by flowing l i q u i d  

n i t rogen  through a series of  f l a t  copper tub ings .  

h e l d  a g a i n s t  t h e  i r o n  core .  

and forced  convection. This  may prolong t h e  c o o l  down per iod ,  but  it seems t o  ~ 

These tub ings  a re  mechanical ly  

The i n i t i a l  coo l  down w i l l  r e l y  on conduction 

I 

I 
b e  t h e  more economical way t o  achieve  t h e  purpose.  

used t o  coo l  t h e  assembly down t o  20°K, but  t h e  s a f e t y  precaut ions  r equ i r ed  

Liquid hydrogen could be  , 

~ 

when us ing  t h i s  l i q u i d  make it less a t t r a c t i v e  than  using l i q u i d  hel ium t o  

coo l  t h e  assembly down t o  4.2 K by n a t u r a l  convect ion.  0 

For a 4 f t  long magnet, t h e  length  of  t h e  dewar system would be 6 f t  long.)  

Heat l o s s  through t h e  dewar has  been conse rva t ive ly  es t imated  a t  1 w a t t  per  

f o o t  of dewar length ;  1.5 w a t t  pe r  end, 1.5 w a t t  per  e l e c t r i c a l  lead.3 The 

beam h e a t i n g  i s  es t imated  t o  be 2 w a t t s .  S imi l a r ly ,  t h e  I R l o s s  from t h e  
1 2 

so ldered  j o i n t s  has  been es t imated  t o  be 0.5 watts. Then t h e  t o t a l  h e a t  

d i s s i p a t i o n  w i l l  be  

1 x.6 + 2 x 1.5 f 2 x 1.5 f 2 f 0.5 * 15 w a t t s .  

Using a s a f e t y  f a c t o r  of 2 ,  t h e  r e f r i g e r a t o r  w i l l  be  r a t e d  so  t h a t  a cool ing  

load of 30 w a t t s  can be handled. The r e f r i g e r a t i o n  e f f i c i e n c y  i s  7% of t h e  
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4 Carnot c y c l e  e f f i c i e n c y .  

The r e f r i g e r a t o r  i npu t  power w i l l  be  e 
= -  300-4 x-= l 1000 w/w 4 .07 

Then t h e  t o t a l  r e f r i g e r a t i o n  requirement i s  

= 3 0  x 1000 = 30 kW. 

T o t a l  septum th i ckness  which inc ludes  vacuum chambers, hel ium passages 

and superconductors ,  w i l l  b e  approximately .350 i n .  t h i c k .  L e t  t h e  c l e a r a n c e  

between t h e  beam and t h e  septum b e  .050 i n .  

Then between t h e  c e n t e r  of t h e  copper magnet and en t r ance  end of  super-  

conduct ing magnet t h e  d r i f t  space r equ i r ed  i s  

- .350 - .020 + . lo0  - 
.0005 x 2 

= 430 i n .  

The bend con t r ibu ted  by the e l e c t r o s t a t i c  d e f l e c t o r  was purposely ignored 

i n  o rde r  t o  provide  a second o p e r a t i o n a l  o p t i o n  i n  case of d e f l e c t o r  f a i l u r e .  

The s t ee l  s h i e l d  w i l l  be  made e x a c t l y  t h e  same th i ckness  a s  t h e  super-  

conduct ing septum so t h a t  under no circumstances w i l l  t h e  p a r t i c l e s  impinge 

on t h e  superconductor .  

' 

I n  v%ew of  t h e  d e t r i m e n t a l  e f f e c t  on the superconduct ing magnet i n  case 

of  an  a c c i d e n t a l  misalignment between t h e  s teel  s h i e l d  and t h e  superconduct ing 

magnet, i t  i s  proposed t o  p l a c e  t h e  s h i e l d  as c l o s e  as p o s s i b l e  t o  the super-  

conduct ing magnet s o  t h a t  t h e s e  two u n i t s  w i l l  s h a r e  t h e  same mounting p la t form.  

A l l  t h e  ad jus tments  w i l l  b e  accomplished by t h e  same mechanical system which 

w i l l  i n s u r e  p e r f e c t  a l ignment  a t  a l l  times. 

The c r o s s  s e c t i o n  of  t h e  s t ee l  s h i e l d  i s  shown i n  F ig .  6 .  A p a r t i a l  l i s t  

o f  t h e  parameters  of each element i s  l i s t e d  i n  Table  I. 
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TABLE I Parameters  - S p l i t t e r  System 

0 

~~~ ~ ~~ 

Element No. 1 2 3 

Type of Unit  E lec t ro -  E lec t ro -  E lec t ro -  
s t a t i c  magnetic magnetic 

Type of C o i l  Tungsten 
w i r e  

OFHC Superconductor 
copper Nb3Sn 

Septum Thickness ( in . )  .002 d i a .  .020 .350 

Usable Aperture  ( in . )  112 x 2 518 x 2-114 718 x 2-114 

F i e l d  Per  Gap (kG) -- .416 15.5 

kV/ cm 26.6 -- -- 

E f f e c t i v e  Magnetic Length ( i n .  ) 
- 

-- 48-518 49 

-- -- Elec t r ic  F i e l d  Length ( in . )  100 

T o t a l  Bend (mrad) f .2 f .5 f 18.8 

3 Ampere Turn Per  Gap -- 525 3 1  x 10 

Current  i n  . the Septum (amp) -- 1050 242 

Current  Densi ty  i n  t h e  Septum 
Amp / cm2 

-- 13,000 45,500 

Duty Cycle 'X 100 51.5% 100 

Coolant LHe -- water 
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111. Cost Comparison Between a Superconducting S p l i t t e r  Mapnet and a Pure  

Aluminum S p l i t t e r  Magnet 

A s p l i t t e r  system wi th  a cryogenic  magnet was adopted.  Then t h e  parameters  

0 

which d e f i n e  t h e  cryogenic  magnet were used f o r  c o s t  e s t ima t ing  purposes.  The 

comparison w a s  based on a n  i d e n t i c a l  des ign  approach w i t h  t h e  except ion  of  

d i f f e r e n c e s  i n  c o i l  material, c o i l  s i z e  and coo lan t .  The two magnet assembl ies  

had t h e  same usab le  a p e r t u r e ,  t o t a l  septum th i ckness ,  maximum f i e l d  and e f -  

f e c t i v e  magnetic l eng th .  Both assembl ies  were suspended i n s i d e  e i t h e r  a 

l i q u i d  hydrogen o r  l i q u i d  helium ba th .  The r e s u l t s  of  t h i s  c o s t  comparison i s  

shown i n  Table  11. 

The c o s t s  of  r e f r i g e r a t i o n  were taken  from t h e  average  curve  i n  a publ ished 

4 paper by T.R. S t robr idge .  

between 4.Z°K and 15OK. 

No a t tempt  w a s  made t o  d i s t i n g u i s h  t h e  d i f f e r e n c e  

The major p a r t  o f  t h e  c o s t  of  a cryogenic  magnet i s  i t s  r e f r i g e r a t i o n  

system. 

material a v a i l a b l e  commercially, i .e.,  t h e  material which w i l l  have t h e  h i g h e s t  

For t h e  pure aluminum case, one should t r y  t o  u t i l i z e  t h e  b e s t  0 

0 r e s i s t i v i t y  r a t i o  ga in  from 300 K t o  15'K, t h i s  i s  e s p e c i a l l y  t r u e  f o r  t h e  

magnet which does not r e q u i r e  l a r g e  amounts of  material. 

For a '"6-9'' pure  aluminum, wi th  a r e s i s t i v i t y  r a t i o  of  15,000 t h e  bulk  

s p e c i f i c  r e s i s t i v i t y  equals :  

-9 5 = 1.12 x 10. (n-cm 15'K 

f o r  a purer  aluminum wi th  a r a t i o  of  40,000 t h i s  v a l u e  becomes 

= 5.25 x 10-l' 62-cm. 5 
15OK 

The above r e s i s t i v i t y  d a t a  inc lude  a f a c t o r  o f  2.86'7 f o r  t h e  magneto 

r e s i s t a n c e  e f f e c t .  The purer  aluminum w i t h  t h e  r e s i s t i v i t y  r a t i o  of  40,000 

w a s  used i n  t h i s  c o s t  comparison. The s i z e  e f f e c t  of t h e  conductor on t h e  

r e s i s t i v i t y  r a t i o  was not  taken  i n t o  cons ide ra t ion .  

There a re  many d i f f e r e n t  coo l ing  methods which can be  app l i ed  t o  both 
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TABLE I1 

Usable T o t a l  E f f .  Mag. T o t a l  0 Aper ture  Septum Cond. Max S t ' l  Bend I J N o .  
H x W  Thick S i z e  B Length 33 BeV/c  x lo3  x lo3  of Temp 

Type ( i n . )  ( i n . )  ( i n . )  (kG) ( in . )  (mR) amp amp/cm2 Turns OK 

sup. 718 .350 

2-114 
X 

A 1  718 .350 
X 

2-114 

D i s s i p a t i o n  
Watts 

1:R D e w a r  Beam T o t a l  

0.5 12.5 2 15 

0 
336 12.5 2 350 

.118 15.5 48 18.8 .242 45.5 

.007 
X 

.500 15.5 48 18.8 7.7 38 

.065 
X 

I n i t i a :  Cost 

Tran 
: o i l  Core Ref Dewar Line P.S. Misc T o t a l  

4.5 5.5 60 15 3 4 15 107 

2.5 5.5 100' 7.2 2 10.5 15 142.7 

128 

4 

* 
)per .  
:ost/Yr 
; 103 

2.1 

3.5 

4.2 

15 

Remark 

I 

'No f a c t o r  of s a f e t y  added t o  r e f r i g e r a t i o n  capac i ty .  

JC 
Operat ing c o s t l y e a r  shows power c o s t  of  r e f r i g e r a t i o n  u n i t  only.  
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magnet assembl ies .  For t h e  superconduct ing type  c o i l ,  n a t u r a l  convect ion 

i s  assumed. On t h e  o t h e r  hand, examination of  t h e  Lorentz  formula f o r  t h e  

pu re  aluminum c a s e  

* 
where K - = c ,  

CrT 

-1 -1 
c m  Q = e lec t r ica l  conduc t iv i ty  61 

T = a b s o l u t e  tempera ture  K 

K = thermal  conduc t iv i ty  cal/sec/cm/OK 

0 

-8 C = cons tan t  = 2.23 x 10 

i n d i c a t e s  t h a t  pure  aluminum w i l l  have a very  h igh  thermal  conduc t iv i ty  a t  

15'K, and t h e r e f o r e ,  t h a t  cool ing  o f  t h e  aluminum septum by conduct ion would 

no t  b e  excluded. Th i s  could reduce  t h e  complexity of  f a b r i c a t i n g  t h i s  magnet 

assembly. 

"6-9" puri ty-aluminum; t h e  r e s u l t  of  t h e s e  tests shows t h a t  a c u r r e n t  

d e n s i t y  i n  t h e  conductor of  50,000 amp/cm2 i s  p o s s i b l e  wi th  two- l i q u i d  hydrogen 

J. A l l i n g e r  h a s  i n v e s t i g a t e d  t h e  thermal  conduc t iv i ty  of  t h e  

- .  - 

h e a t  s i n k s  loca t ed  12 i n .  a p a r t .  The tempera ture  g r a d i e n t  between t h e  c e n t e r  

of  t h e  t e s t e d  sample and the h e a t  s i n k s  w i l l  r each  a va lue  h igh  enough t o  

create runaway h e a t i n g  and e v e n t u a l l y  f u s e  t h e  sample  i f  t h e  above c u r r e n t  

d e n s i t y  i s  exceeded. The test  w a s  done wi th  ze ro  f i e l d .  

Ex t r apo la t ing  from A l l i n g e r ' s  test  r e s u l t s ,  t a k i n g  i n t o  account t h e  

d i f f e r e n c e  i n  r e s i s t i v i t y  between t h e  116-9" p u r i t y  aluminum used and-a purer  

aluminum wi th  a r e s i s t i v i t y  r a t i o  of  40,000,and t h e  magneto r e s i s t a n c e  e f f e c t  

(a f a c t o r  o f  2 . 8 ) ,  w e  f i n d  t h a t  w e  could b u i l d  an  end cooled co ld  aluminum 

s p l i t t e r  f o r  the last  element.  

e lements ,  one 16 i n .  long, t h e  o t h e r  32 i n .  long wi th  a 12 i n .  d r i f t  space 

i n  between. However, the  c o s t  sav ings  over t h e  f r e e  convect ion co ld  aluminum 

s p l i t t e r  i s  only  approximately 10%. 

c o s t  i n c r e a s e  over t h e  superconduct ing magnet o f  approximately 20%. 

A des ign  w a s  s t u d i e d  c o n s i s t i n g  of  two 

Th i s  s p l i t t e r  would s t i l l  r e p r e s e n t  a 
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I n  a d d i t i o n ,  t h e  end cooled type  magnet w i l l  always have a h ighe r  r t s k  of  

c o i l  f a i l u r e  due t o  runaway h e a t i n g  than t h e  f r e e  convect ion type .  

An i n v e s t i g a t i o n  on t h e  p o s s i b i l i t y  of  running pure aluminum a t  helium 

0 t empera ture  was made. The ga in  i n  r e s i s t i v i t y  from 15 K t o  4.2'K w i l l  not 

o f f s e t  t h e  i n c r e a s e  i n  r e f r i g e r a t i o n  c o s t .  

For both systems 100% du ty  c y c l e  ope ra t ion  was cons idered .  The para-  

meters of t h e  aluminum s p l i t t e r  w i th  a 1 second f l a t  t o p  i n  a 2 second per iod  

were b r i e f l y  examined. The r educ t ion  i n  r e f r i g e r a t i o n  c o s t  would be  o f f s e t  

by t h e  a d d i t i o n a l  c o s t  of  the power supply and t h e  magnet. 

W e  have a l s o  i n v e s t i g a t e d  t h e  p o s s i b i l i t y  of  des igning  a convent iona l  

water-cooled copper conductor magnet. The t o t a l  c o s t  of  t h i s  t ype  of  magnet 

would b e  approximately $23,000 less than  t h e  superconduct ing magnet, bu t  t h e  

power consumption would b e  400 kW. 

year  which i s  $23,00O/year more than  t h a t  o f  t h e  superconduct ing magnet. 

Due t o  t h e  r e l a t i v e l y  low c u r r e n t  d e n s i t y  t h a t  can be  used i n  t h i s  t ype  

magnet, t h e  space r equ i r ed  f o r  f 18.8 mrad would be  longer ,  and t h e  f i n a l  

t empera ture  of  copper conductor would be  very  c l o s e  t o  t h e  b o i l i n g  po in t  of  

water. 

The power c o s t  a l o n e  would be  $25,0001 

Because f u t u r e  beam s p l i t t e r  dev ices  may r e q u i r e  s i g n i f i c a n t l y  l a r g e r  
- -  - _ -  - - - -  

bend angles ,  i f  t h e  t o t a l  l ength  w e r e  more l i m i t e d ,  a parameter op t imiza t ion  

s tudy  and c o s t  comparison w a s  a l s o  made f o r  a superconduct ing septum and a 

pure aluminum septum u n i t  where t h e  ne t  bend a n g l e  would be  t h r e e  t i m e s  

l a r g e r  than  t h e  dev ices  cons idered  so  f a r .  Again, t h e  r e s u l t  showed a 

h ighe r  c o s t  f o r  t h e  aluminum septum dev ice  by approximately 40% over t h e  

superconduct ing device.  
/ *  . 
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Fig. 2 E l e c t r o s t a t i c  Deflector S c h e m a t i c  

Fig. 3 Copper  Septum S p l i t t e r  
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